Background--In randomized controlled trials, perioperative administration of amiodarone has been shown to reduce the incidence of postoperative atrial arrhythmias and length of stay (LOS) among patients undergoing coronary bypass surgery. However, little is known about the use or effectiveness of perioperative amiodarone in routine clinical practice.
generally resolve within 6 to 8 weeks of surgery. 2 In addition to discomfort, anxiety, and hemodynamic instability, the development of postoperative atrial arrhythmias has been associated with longer length of stay (LOS) and higher hospital costs. [4] [5] [6] Observational studies conducted in the 1990s suggested that atrial arrhythmias were associated with a 3to 5-day longer LOS, 5,7-9 but more recent analyses have found that this association is weaker or even absent, possibly a reflection of changing postoperative management of atrial arrhythmias and discharge practices. 10, 11 Strategies to prevent postoperative atrial arrhythmias include both pharmacological agents and nonpharmacological interventions. 2, [11] [12] [13] The 2011 American College of Cardiology/American Heart Association/Heart Rhythm Society atrial fibrillation management guidelines recommend b-blockers for all patients without contraindications (class I, level A) and amiodarone in patients at high risk for atrial arrhythmias (class IIa, level A). 2 The basis of the recommendation for amiodarone use is largely derived from reduction of atrial arrhythmias noted in randomized controlled trials (both preoperative and postoperative amiodarone use), the largest and the most recent of which was PAPABEAR (Prophylactic Amiodarone for the Prevention of Arrhythmias that Begin Early After Revascularization, Valve Replacement, or Repair trial). 14 In this study consisting of 601 patients, a perioperative course of oral amiodarone demonstrated a significant reduction in the incidence of postoperative atrial tachyarrhythmia (13.4% absolute risk reduction). A meta-analysis of 19 randomized controlled trials, including 3396 patients, showed that amiodarone reduces atrial arrhythmias (pooled odds ratio 0.50, 95% CI 0.43-0.59). 15 This study also showed a modest reduction in hospital LOS in the amiodarone group (pooled difference of 0.6 days in the amiodarone group, 95% CI 0.4-0.8).
Although amiodarone is recommended in guidelines, little is known about the use of amiodarone among patients undergoing cardiac surgery in the United States or if the benefits reported in randomized controlled trials have been achieved in routine clinical practice. We therefore investigated the application of perioperative amiodarone use among patients admitted for elective cardiac surgery in a large network of US hospitals and compared the outcomes of those receiving perioperative amiodarone to those who did not. We hypothesized that perioperative amiodarone would be associated with a lower incidence of atrial arrhythmias but not with healthcare utilization outcomes such as LOS, cost, or readmission.
Methods
The authors declare that all supporting data are available within the article and its online supplementary files. Based on our data use agreement with the Premier Analytic Database, we are unable to share the primary data set; however, we can make the data analyses from our statistical programs available on specific request (Peter.Lindenauer@baystatehealth.org).
Setting and Subjects
We conducted a retrospective cohort study of patients admitted between January 1, 2013 and December 31, 2014 to a geographically and structurally diverse set of hospitals participating in Premier Incorporated's Perspective (Premier Healthcare Informatics, Charlotte, NC), a voluntary, feesupported database developed for measuring quality and healthcare utilization. In addition to the information available in the standard hospital discharge file, the Perspective database contains date-stamped logs of all billed items, including medications, laboratory, diagnostic, and therapeutic services at the individual patient level. Diagnostic and procedural information was assessed using International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM).
Patients were included in our analysis if they were 18 years or older and underwent elective coronary artery bypass surgery (CABG; ICD-9 procedure codes 36.1x, x=0, 1, 2, 3, 4, 5, 6, 7, 9) alone or CABG with concomitant heart valve surgery (ICD-9 procedure codes 35.1x, x=0,1,2,3,4 or 35.2x, x=0,1,2,3,4,5,6,7,8) on the first or second day of their hospitalization. To address the clinical question of whether prophylactic use of amiodarone is effective at preventing arrhythmia, we excluded patients with a previous history of atrial or ventricular arrhythmias (including atrial fibrillation, atrial flutter [427.31, 427.32], ventricular tachycardia/fibrillation [427.1, 427.4x, x=1,2]) or anyone with these codes present on admission. We also excluded those who had received treatment with class I and class III antiarrhythmic drugs (disopyramide, lidocaine, dofetilide, dronedarone, digoxin, sotalol, flecainide, propafenone, mexiletine, ibutilide, procainamide) during an earlier admission or before surgery during the index admission. On similar grounds we excluded patients who had received amiodarone during a previous admission. Patients with chronic obstructive pulmonary disease severe enough to require hospitalization in the past year and those with hypotension or bradycardia at admission were also excluded from the cohort, as these conditions may have represented contraindications to amiodarone treatment. Individuals with a pacemaker were excluded from the cohort because we wished to study pacemaker implantation as an outcome. Last, since our secondary goal was to make inferences about interactions between amiodarone and bblocker use, we excluded b-blockers that may have been used for other purposes (eg, intraoperative blood pressure control, glaucoma prevention) and included only patients receiving
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What Is New?
• Previous small randomized controlled studies have established the benefit of perioperative amiodarone in reducing atrial arrhythmias and length of stay (LOS) following cardiac surgery. • This is the first large observational study to examine the association between amiodarone treatment and outcomes in routine clinical practice.
What Are the Clinical Implications?
• Our analyses suggest that perioperative amiodarone was both safe and effective at reducing the occurrence of postoperative atrial arrhythmias, and receipt was associated with a shorter LOS. • At the same time, use of perioperative amiodarone remains limited in clinical practice. Future efforts should focus on consistent implementation of perioperative amiodarone protocols, with appropriate patient selection in order to achieve optimal surgical outcomes. metoprolol, carvedilol, bisoprolol, atenolol, labetolol, and propranolol. Permission to conduct the study was obtained by the Institutional Review Board at Baystate Medical Center, where the study was conducted, and the need for written informed consent was waived (IRB# 777703-1).
Patient and Hospital Information
In addition to patient age, sex, race/ethnicity, and insurance status, we recorded the presence of up to 29 unique comorbidities using software provided by the Healthcare Costs and Utilization Project of the Agency for Healthcare Research and Quality (Rockville, MD) based on methods described by Elixhauser et al. 16 Comorbidity burden was summarized as a score using methods described by Gagne et al. 17 For each hospital that participated in the study, we recorded bed size, teaching status, geographic region, and whether it served an urban or rural population.
Use of Amiodarone and Other Treatments
We considered a patient to have received perioperative amiodarone if there was a pharmacy charge for treatment with amiodarone either on the day of or day before surgery. Patients whose first exposure to amiodarone began on or after postoperative day 1 were classified as not having received perioperative amiodarone because this may have represented treatment for new-onset atrial arrhythmias or another arrhythmia rather than for prophylaxis. To control for differences in severity of illness not accounted for by age and comorbidity, as well as the effects of other therapies, we assessed the use of a wide range of diagnostic tests, monitoring devices, and pharmacologic treatments administered before surgery, including loop diuretics, angiotensinconverting enzyme inhibitors, angiotensin receptor blockers, statins, nonsteroidal anti-inflammatory drugs, b-blockers, and number of vessels bypassed during CABG.
Outcomes
The primary outcome was the occurrence of postoperative atrial arrhythmia during the index admission, which was defined based on an ICD-9 discharge diagnosis code of atrial fibrillation or flutter that was not present on admission. Secondary outcomes included in-hospital mortality, all-cause readmission within 1 month (among survivors), LOS, and hospital costs. In addition, we also examined a set of cardiovascular outcomes that might be influenced by amiodarone, including ventricular arrhythmias, stroke, myocardial infarction, hypotension, bradycardia, heart block, pacemaker implantation, cardiogenic shock, and cardiac arrest (not present on admission). These outcomes were assessed using ICD-9 diagnosis codes (Table S1 ).
Statistical Analyses
Patient and hospital characteristics were summarized as frequencies: percentages for categorical variables and means with standard deviations or medians with interquartile ranges for continuous variables. Because of the large sample size, we compared the characteristics of patients treated with perioperative amiodarone and patients who did not receive perioperative amiodarone (or received it after postoperative day 1) via absolute standardized differences. 18 A difference greater than 10% was considered to represent significant imbalance between the groups.
To analyze the association between perioperative amiodarone and the study outcomes, we developed multivariable adjusted generalized estimating equation models accounting for patient clustering within hospitals. Logit link models were used for binary outcome models, and identity link models used for continuous outcomes. Our primary outcome, atrial arrhythmia, was frequent in the cohort (>20%); therefore, we assessed this outcome using Poisson models with log link function to estimate a risk ratio. LOS and costs were skewed, so we winsorized these outcomes at their 95th percentile value. A propensity score analysis was also completed but was not presented because it failed to balance important confounder differences. 19, 20 
Instrumental Variable Analyses
To address concerns regarding the possibility of residual confounding by unmeasured factors (in which patients receiving amiodarone would be at higher risk of arrhythmias), we performed an instrumental variable analysis using hospital preference for amiodarone as our instrument. To obtain stable estimates of hospital amiodarone prescribing, we first restricted the cohort to hospitals with at least 25 surgical admissions. We then divided hospitals into quintiles, based on the frequency of perioperative amiodarone use among patients undergoing cardiac surgery. Hospital use of perioperative amiodarone defined our instrument, with patients treated at hospitals in the upper 2 quintiles having a high likelihood of perioperative amiodarone and patients at hospitals in the bottom 3 quintiles having a low likelihood of perioperative amiodarone. We performed 2-stage leastsquares regression to estimate the risk difference, the absolute difference in risk of outcome among patients at high-versus low-use hospitals. In the first stage, receipt of perioperative amiodarone was modeled as a function of the instrument and confounders, and in the second stage, the outcome was modeled as a function of predicted treatment from the first-stage model as well as the confounders. The strength of the instrument was measured using the partial F statistic and partial R 2 from stage 1 of the models. Improvement in balance of patient characteristics in the instrumental variable subcohort was assessed via absolute standardized differences. Because the instrument was defined based on hospital use of perioperative amiodarone, to address the possibility of association of the instrument with outcomes, we adjusted all models for hospital characteristics along with patient factors that had a standardized difference of greater than 10% in the instrumental variable cohort. We performed the Durbin-Wu-Hausman test to confirm whether receipt of perioperative amiodarone was correlated with other variables in the model to confirm the value of instrumental variable methods. 21, 22 All analyses were performed using the Statistical Analysis System (version 9.3, SAS Institute, Inc, Cary, NC) and STATA 13 (StataCorp, LLC, College Station, TX).
Results
Of 12 758 patients who met our enrollment criteria (Figure 1 ), 10 409 (81.6%) at 235 hospitals were admitted for elective CABG alone, while the remaining underwent combined CABG+heart valve surgery. The mean age was 66 years, 75% were male, 73% were white, and Medicare was the most common form of health insurance (Table 1) . Hypertension, diabetes mellitus, obesity, heart failure, and peripheral vascular disease were the most frequently recorded comorbidities. Overall, 58% of patients were cared for at nonteaching facilities; 91% of hospitals were urban, and over 90% of the hospitals operated more than 200 beds. The average LOS was 6.4 days, average costs were $33 821, and 3 out of 10 patients were hospitalized for 7 days or longer. A total of 3330 patients (26.2%) developed an atrial arrhythmia during the index admission, 167 (1.3%) died during the hospitalization, and 1653 (13.1%) were readmitted within 1 month of discharge ( Table 1 ). Receipt of warfarin before discharge was higher among patients who had developed atrial arrhythmias than among those who had not (32.9% versus 6.4%).
Use of Amiodarone and Other Treatments
In all, 2195 (17.2%) patients received perioperative amiodarone on either the day of or day before cardiac surgery. The mean duration of amiodarone received was 5.2 days, and mean dose received during the hospitalization was 3.8 g of amiodarone.
When compared with those who did not receive perioperative amiodarone, treated patients were slightly younger, more likely Continued to be white, and less likely to have private insurance ( Table 1 ). The 2 groups were comparable in terms of comorbidities; however, patients treated with perioperative amiodarone were more likely to receive b-blockers, angiotensin-converting enzyme inhibitors, and statins in the first 2 hospital days. There were no significant differences in terms of the number of vessels bypassed during CABG. Treatment with perioperative amiodarone was more common at urban, nonteaching hospitals and at hospitals in the West.
Unadjusted and Multivariable Adjusted Outcomes
Outcomes from the unadjusted and covariate adjusted analysis are presented in Figure 2 . In the adjusted model, atrial arrhythmias occurred in 23.4% of patients treated with perioperative amiodarone as compared with 26.7% of patients not receiving perioperative amiodarone (P<0.001). There were no differences in the percentage of patients readmitted within 1 month of discharge (12.5% versus 13.3%, P=0.3) or in inpatient mortality (1.6% versus 1.2%, P=0.2) between the patients receiving perioperative amiodarone and those not receiving perioperative amiodarone. However, patients receiving perioperative amiodarone were more likely to experience ventricular arrhythmias (4.3% versus 2.8%, P<0.001). Although we did not observe clinically meaningful differences in the hospital LOS between the 2 groups, total costs associated with the group treated with perioperative amiodarone were, on average, about $1866 (95% CI $1250-$2483) higher than those for the group that did not receive perioperative amiodarone (P<0.001).
Instrumental Variable Analyses
For the instrumental variable analysis, our cohort was restricted to hospitals with at least 25 surgical admissions. We identified 11 786 patients who underwent cardiac surgery in 129 hospitals of whom 17.0% had received perioperative amiodarone. Of these, 52 hospitals had high perioperative amiodarone use (upper 2 quintiles of amiodarone use), where 4083 patients received treatment. Hospitals in the upper 2 quintiles treated 44.2% of their patients with perioperative amiodarone compared with 2.6% in the hospitals with low amiodarone use (lowest 3 quintiles). Hospitals with higher use were more likely to be small or medium sized, nonteaching, and from the South ( Table 2) . Results of the instrumental variable analysis (Table 3) suggested that among marginal patients (those whose treatment status can be affected by their choice of hospital: low use of amiodarone versus hospitals with high amiodarone use), receipt of perioperative amiodarone was associated with a lower incidence of atrial arrhythmias (risk difference À11 percentage points, 95% CI À19 to À4.0 percentage points; P=0.002) and with shorter LOS (risk difference À0.7 days, 95% CI À1.39 to À0.01 days; P=0.048). In contrast to the covariate-adjusted model, the instrumental variable analysis did not find a higher risk of ventricular arrhythmias associated with receipt of perioperative amiodarone in the overall instrumental variable cohort. However, differences were noted in hospitals with low amiodarone use and high amiodarone use. Ventricular arrhythmias were more common at hospitals with low amiodarone use than high use (3.6% versus 2.3%, P=0.02) ( Table 2 ) and statistical testing for homogeneity indicated differences in the 2 groups (odds ratio=4.5, 95% CI 3.0-6.9 versus odds ratio=2.3, 95% CI 1.5-3.6; P=0.024 for Breslow-Day test for homogeneity).
There were no associations detected between the hospital group where treatment was received (low-use of amiodarone versus high-use hospital) and the risk of in-hospital mortality, 1month readmission, hospital cost, or any of the other cardiovascular outcomes, including cardiogenic shock and cardiac arrest. 
Discussion
In this large national cohort of more than 12 000 patients undergoing cardiac surgery, receipt of perioperative amiodarone was associated with lower risk of atrial arrhythmias and shorter hospital LOS. We found no association with inpatient mortality, readmission, or hospital cost in our primary analysis. These results were confirmed in an instrumental variable analysis (based on hospital preference for amiodarone therapy). Our results are generally consistent with previous meta-analyses and randomized clinical trials. 15, 23 Because patients enrolled in randomized studies are highly selected, and trial participants receive protocolized care, it is critical to demonstrate the generalizability of these findings in routine clinical settings. It is not uncommon to find differences in the magnitude and occasionally the direction of effects between randomized clinical trials and large observational studies. 24 In this largest observational study to date of perioperative amiodarone use, we observed benefits of amiodarone treatment that are consistent with the findings of previous randomized studies and that lend support to current guideline recommendations.
Atrial Arrhythmias Following Cardiac Surgery
A number of small randomized controlled studies have shown reduction of atrial arrhythmias with the use of perioperative amiodarone. Of note, earlier randomized controlled studies differed substantially in the amiodarone protocols utilized. There have been 9 studies that initiated amiodarone preoperatively (ranging from 1 to 14 days preoperatively) and 10 studies that initiated amiodarone either intraoperatively or exclusively in the postoperative phase (maximum of 28 days postoperatively). 15 Apart from the PAPABEAR trial (n=601), all these studies were small, enrolling between 70 and 315 patients. As a result, findings from meta-analyses are heavily weighted by the PAPABEAR trial, which utilized a preoperative amiodarone regimen (10 mg/kg daily beginning 6 days before and continuing for 6 days after surgery) 14 . Irrespective of the amiodarone regimen, all studies noted some degree of decrease in the incidence of atrial arrhythmias (absolute risk reductions ranging from 2% to 28%), but secondary outcomes of interest such as mortality, LOS, and readmissions varied (possibly due to low power for secondary outcomes). 15 In comparison, our observational study of a large, contemporary cohort, including 2195 patients who received perioperative amiodarone found an 11% risk reduction in atrial arrhythmias, which is comparable to the 13.4% absolute risk reduction noted in the PAPABEAR trial. 14 
Healthcare Utilization Outcomes Following Cardiac Surgery
Although amiodarone therapy was associated with lower incidence of atrial arrhythmias and modestly shorter hospital LOS, this did not translate into lower readmission rate or reduced hospital costs. At first glance this may seem surprising, but previous studies have found similar results. Historically, there have been conflicting data about the association of atrial arrhythmias with LOS. 10 Additionally, interventions (amiodarone, sotalol, procainamide, overdrive pacing) intended to reduce atrial arrhythmias have had inconsistent effects on LOS, 25 and a Cochrane review of 58 trials of varying interventions did not find a significant effect of these treatments on LOS. 11 Even when the focus is on amiodarone as the prophylactic strategy, the meta-analysis by Bagshaw et al 15 showed the mean hospital LOS to be only modestly improved (9.3AE3.3 versus 9.9AE3.5 days for the amiodarone and control groups, respectively) with a pooled difference in hospital LOS of 0.6 days (95% CI 0.4-0.8, P<0.0001), which is consistent with the À0.7-day difference we observed in our instrumental variable analysis. This À0.7-day difference will be of interest to cardiac surgical programs interested in safely reducing LOS.
Ventricular Arrhythmias Following Cardiac Surgery
In randomized control trials amiodarone use has been shown to reduce rates of ventricular arrhythmias, and the pooled odds ratio in the Bagshaw et al meta-analysis was 0.39 (95% CI 0.26-0.58, P<0.0001). 15 We observed a higher rate of ventricular arrhythmias associated with amiodarone use in the covariate-adjusted analysis (4.3% versus 2.8%, P<0.001) but no association in the instrumental variable analysis. We also noted greater odds of ventricular arrhythmia among those treated at hospitals with low perioperative amiodarone use as compared with hospitals with high perioperative amiodarone use. It is possible that administration of amiodarone at these low-use perioperative hospitals reflects the treatment of arrhythmias rather than prophylaxis for atrial arrhythmias. It is also worth highlighting that in the PAPABEAR trial, the overall rate of ventricular arrhythmias was only 1.5% (9/ 601) compared with 3.1% (394/12 758) in our cohort. 14 This may be the result of differences in the underlying risk profile of patients selected for clinical trials compared with those who receive treatment in routine care. Although we went to great lengths to exclude patients with an earlier history of atrial and ventricular arrhythmias from the study (using earlier diagnoses and medication therapy), and our results reflect adjustment for numerous potential confounders, it is also possible that the higher risk of arrhythmia we observed in the conventional multivariable models was the result of residual selection bias in which physicians preferentially prescribed amiodarone to patients who were at higher risk of ventricular arrhythmias. The fact that we did not observe an association between amiodarone and ventricular arrhythmias in the instrumental variable analysis, which was performed to address concern about residual confounding by unmeasured factors, is therefore reassuring.
Limitations
Although our study included a large number of patients from hundreds of US hospitals and used state-of-the-art causal inference methods to estimate the association between amiodarone use and outcomes, our results should be viewed in light of several limitations. First, because treatment assignment was not random, there is a risk of residual selection bias that could be responsible for the association between receipt of perioperative amiodarone and the outcomes we studied. We undertook several strategies to minimize these threats and to test the robustness of our effect estimates. We employed careful inclusion and exclusion criteria to replicate those used on earlier clinical trials. In addition, we adjusted for numerous potential confounders, including patient demographics, other medical therapies such as b-blockers and statins, and important hospital characteristics. To address concerns about residual unmeasured confounding, we performed an instrumental variable analysis, a common econometric technique used in comparative effectiveness research. 26, 27 Second, because we used a database based on hospital claims, we were unable to assess the use of amiodarone before hospital admission with regard to either dose or number of days of use before hospitalization. Third, this study is based on highly detailed billing data using ICD-9 codes, not chart review. We did not have information about the circumstances or factors that led physicians to prescribe amiodarone, and it is possible that some of the patients received treatment with amiodarone for new arrhythmias rather than for prevention. Although we excluded patients with conditions that could provide an indication for chronic amiodarone other than with the intent of preventing atrial arrhythmias in the postoperative period, we had limited information about medication dosing or specific amiodarone protocols. Thus, we are unable to comment on the relative benefits and risks associated with the timing of amiodarone initiation. Fourth, we chose hospitals with high rates of perioperative amiodarone as our instrument for the instrumental variable analysis. However, it is important to note that even among these hospitals, only half of the patients actually received amiodarone. A final limitation is that we did not have access to long-term outcomes.
Conclusions
In patients undergoing elective cardiac surgery with no previous history or treatment of atrial or ventricular arrhythmias, perioperative amiodarone use was associated with a lower risk of atrial arrhythmias and shorter LOS. It was not associated with significant differences in mortality, hospital cost, or readmission. These findings are consistent with earlier randomized clinical trials and lend support to current guideline recommendations. 
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